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ABSTRACT 

T h i s  p a p e r  d e s c r i b e s  a p roposed  s y s t e m  f o r  h igh -accuracy  g loba l  
t i m e  and f r e q u e n c y  t ransfer  u s i n g  a hydrogen maser c l o c k  i n  a 
space v e h i c l e .  Direct f r e q y e n c y  t r a n s f e r  w i t h  an  a c c u r a c y  of 10 
and t i m e  t r a n s f e r  w i t h  a n  estimated a c c u r a c y  of 1 n s e c  are p r o v i d e d  
by a 3 - l i n k  microwave sys t em.  A s h o r t  p u l s e  l aser  s y s t e m  is i n -  
cluded f o r  subnanosecond t i m e  t ransfer  and s y s t e m  c a l i b r a t i o n .  The 
basic c o n c e p t  of s u c h  a s y s t e m  w a s  d i s c u s s e d  a t  t h e  1980 PTTI Meet- 
i n g .  T h i s  p a p e r  p r e s e n t s  t h e  r e s u l t s  of f u r t h e r  s t u d i e s  i n c l u d i n g  
o p e r a t i o n a l  a s p e c t s ,  error sources, da t a  f l o w ,  sys t em c o n f i g u r a t i o n ,  
and implemen ta t ion  r e q u i r e m e n t s  f o r  a n  i n i t i a l  d e m o n s t r a t i o n  ex- 
p e r i m e n t  u s i n g  t h e  Space  S h u t t l e .  

-14 

INTRODUCTION 

NASA's O f f i c e  of Space S c i e n c e  and A p p l i c a t i o n s  has s u p p o r t e d  a 
s t u d y  of  a space sys t em f o r  h igh-accuracy  g l o b a l  t i m e  and f r e -  
quency t r a n s f e r  which u s e s  a hydrogen maser i n  a s p a c e  v e h i c l e .  
The c o n c e p t  of t h i s  s y s t e m  was p r e s e n t e d  a t  t h e  Twe l f th  Annual 
PTTI mee t ing  i n  1980 and  e l s e w h e r e  (1). The p r e s e n t  pape r  d i s -  
c u s s e s  t h e  r e s u l t s  of r e c e n t  s t u d i e s  conce rned  w i t h  t h e  imple-  
m e n t a t i o n  of a Space S h u t t l e  d e m o n s t r a t i o n  e x p e r i m e n t .  The 
S h u t t l e  expe r imen t  would be t h e  f i r s t  s t e p  toward a l a t e r  ope r -  
a t i o n a l  sys t em which would p r o v i d e  h igh-accuracy  g l o b a l  t i m e  and 
f r e q u e n c y  t r a n s f e r  on a more permanent basis .  

The i d e a  of  t h e  Space T i m e  and Frequency T r a n s f e r  (STIFT) sys t em 
e v o l v e d  from t w o  ea r l ie r  e x p e r i m e n t s  per formed s e v e r a l  y e a r s  a g o  
t o  measure r e l a t i v i s t i c  e f f e c t s  on c l o c k s .  I n  1976,  G r a v i t a -  
t i o n a l  Probe A (GP-A), a j o i n t  project  of t h e  M a r s h a l l  Space  
F l i g h t  C e n t e r  and t h e  Smi thson ian  A s t r o p h y s i c a l  O b s e r v a t o r y ,  
carried a hydrogen maser clock i n t o  s p a c e  t o  measure t h e  g r a v i t -  
a t i o n a l  r e d s h i f t  e f f e c t  ( 2 ) .  The f r e q u e n c i e s  of t h e  hydrogen 
maser c l o c k  i n  space and a g r o u n d - b a s f i  hydrogen maser c l o c k  
were compared w i t h  an a c c u r a c y  of 10- u s i n g  a s p e c i a l l y  
deve loped  microwave sys t em which p r o v i d e d  a u t o m a t i c  c a n c e l l a t i o n  
of  t h e  f i r s t - o r d e r  Doppler e f f e c t  ( 3 ) .  The t echno logy  and t h e  
s y s t e m  c o n c e p t s  demons t r a t ed  i n  t h i s  exper iment  are t h e  b a s i s  
f o r  t h e  STIFT microwave time and f r e q u e n c y  t ransfer  sys tem.  + 
I n  1975 and 1976,  t h e  U n i v e r s i t y  of Maryland w i t h  s u p p o r t  f rom 
t h e  U.S. Navy c a r r i e d  o u t  s e v e r a l  a i rp lane  e x p e r i m e n t s  t o  

205 



measure relativistic effects on clocks by employing a short- 
pulse laser technique ( 4 ) .  The time comparison of the airborne 
and ground based clocks by laser pulses was accurate to about 
0.2 ns. The same technique would be applied for the laser part 
of the STIFT system. 

The STIFT concept combines the two proven techniques to provide 
a space clock facility for high accuracy global time and fre- 
quency transfer. Such a system could be implemented on a space 
station or with a satellite. A Space Shuttle experiment is pro- 
posed as the first phase of such a program to test and demon- 
strate system performance capabilities. With this goal a study 
of the operational aspects, accommodation and implementation 
requirements, and error sources for a Shuttle experiment has 
been performed. The results are summarized in this paper. 

Systems Description 

The concept of the system is illustrated in Figure 1. Two 
widely separated clocks, A and B, are compared in time and 
frequency by means of an orbiting hydrogen maser clock which 
serves as a transfer standard. STIFT is composed of two inde- 
pendent systems, a microwave system which provides both time and 
frequency transfer and a short-pulse laser system for time 
transfer . 
The microwave time and frequency transfer requires a ground 
terminal which receives signals from and transmits signals to 
the spacecraft. A s  the space clock passes over ground clock A ,  
the two clocks are compared by microwave transmissions. The 
process is repeated when the space clock passes over ground 
clock B. Combination of the two measurements yields a compari- 
son of clock A and B. The microwave system, which is similar to 
the system used with GP-A,  provides automatic cancellation of 
the first-order Doppler effect and of propagation disturbances 
in the atmosphere. This technique permits very accurate direct 
frequency comparison which is a unique feature of the proposed 
system. Simultaneously with the frequency comparison, microwave 
time transfer is accomplished with PRN code modulation of the 
carrier frequencies and correlation techniques. The ( l a )  
accuracy ?$ the frequency comparison (Af/f) is known to be at 
least 10- for 100-second measurement intervals, and the 
accuracy (At) of the time transfer is estimated to be better 
than 1 nanosecond. 

A simplified block diagram of the microwave system including the 
onboard system and the ground terminal is shown in Figure 2. 
The system transmits three CW, phase-coherent carrier signals at 
S-band. The frequencies shown are those used with GP-A and not 
necessarily the ones to be used in the proposed Shuttle experi- 
ment. A single antenna with a triplexer is used for a l l  three 
frequencies . 

206 



T h e  f r e q u e n c y  compar ison  u t i l i z e s  t h e  phase i n f o r m a t i o n  of t h e  
CW carr ier  s i g n a l s .  The onboard c l o c k  f r e q u e n c y  (-1420 MHz) is 
c o n v e r t e d  to  S-band ( f r e q u e n c y  r a t i o  76/49) and t r a n s m i t t e d  to  
t h e  ground t e r m i n a l .  T h i s  clock downl ink  f r e q u e n c y  e x p e r i e n c e s  
a one-way Doppler  s h i f t  and p h a s e  changes  due t o  p r o p a g a t i o n  
d i s t u r b a n c e s .  T h e  ground clock s i g n a l  is f irst  t r a n s m i t t e d  t o  
t h e  s p a c e  v e h i c l e  and r e t u r n e d  t o  t h e  ground terminal by t h e  
onboard  t r a n s p o n d e r  t o  o b t a i n  a measurement of t h e  two-way Dop- 
pler and p r o p a g a t i o n  effects .  D i v i d i n g  t h e  two-way f r e q u e n c y  
s h i f t s  by  2 and  s u b t r a c t i n g  t h e  result  from t h e  one-way c l o c k  
downl ink  cancels t h e  f i rs t -order  Doppler and most of t h e  pro- 
p a g a t i o n  d i s t u r b a n c e s  b e f o r e  t h e  two c l o c k  f r e q u e n c i e s  are 
compared. The v a r i o u s  f r e q u e n c y  c o n v e r s i o n  r a t io s  i n d i c a t e d  i n  
t h e  diagram of F i g u r e  2 are compatible w i t h  an  e x i s t i n g  commer- 
c i a l  t r a n s p o n d e r  d e s i g n  and are chosen  to  e l i m i n a t e  i o n o s p h e r i c  
d i s p e r s i o n  e n c o u n t e r e d  by t h e  u s e  of d i f f e r e n t  carr ier  fre- 
q u e n c i e s .  The  r e s u l t i n g  d i f f e r e n c e  f r e q u e n c y  A f  between ground 
clock and  space clock c o n t a i n s  r e l a t i v i s t i c  f r e q u e n c y  s h i f t s  
( s econd-o rde r  Doppler  and g r a v i t a t i o n a l  r e d s h i f t )  which are 
a c c o u n t e d  fo r  by c a l c u l a t i o n s  u t i l i z i n g  o rb i t  data .  

T i m e  t r a n s f e r  is accompl i shed  by t h e  shaded  f u n c t i o n a l  blocks i n  
t h e  d i ag ram ( F i g u r e  2 )  which r e p r e s e n t  a n  a d d i t i o n  t o  t h e  o r i g i -  
n a l  GP-A sys t em c o n c e p t .  The t i m e  code of t h e  space clock is 
modula ted  on t h e  clock downl ink  carrier u s i n g  PKN phase  modula- 
t i o n  (5). The space clock t i m e  code r e c e i v e d  a t  t h e  ground ter- 
m i n a l  is c o r r e l a t e d  w i t h  t h e  ground clock t i m e  code  t o  measure  
t h e  t i m e  d i f f e r e n c e  A t  which c o n t a i n s  t h e  one-way p r o p a g a t i o n  
d e l a y .  A r a n g e  code  m o d u l a t i o n  of t h e  t r a n s p o n d e r  l i n k  p r o v i d e s  
a two-way p r o p a g a t i o n  d e l a y  measurement which  is used t o  e l i m i n -  
a t e  t h e  one-way p r o p a g a t i o n  d e l a y .  

The microwave s y s t e m  is r e l a t i v e l y  i n s e n s i t i v e  t o  a d v e r s e  
weather c o n d i t i o n s  (which  c a n  a f f e c t  t h e  laser sys t em)  and is 
t h e r e f o r e  t h e  p r i m a r y  mode of t i m e  and f r e q u e n c y  t ransfer  f o r  an  
o p e r a t i o n a l  STIFT sys t em.  The u s e r  of s u c h  a sys t em w i l l  re- 
q u i r e  a c o m p a r a t i v e l y  i n e x p e n s i v e  ground t e r m i n a l  which f i ts  
i n t o  a s t a n d a r d  s ize  i n s t r u m e n t  rack to  i n t e r f a c e  w i t h  h i s  
clock. A microwave a n t e n n a  w i t h  h e m i s p h e r i c a l  c o v e r a g e  is p a r t  
of t h e  ground t e r m i n a l .  

T h e  STIFT s y s t e m  c a n  a lso p e r f o r m  t i m e  t r a n s f e r  u s i n g  shor t -  
pu l se  laser t e c h n i q u e s .  The laser t i m e  t r a n s f e r ,  which is i n d e -  
p e n d e n t  of t h e  microwave s y s t e m ,  w i l l  be used  w i t h  e x i s t i n g  
laser s t a t i o n s  a round  t h e  w o r l d .  A block diagram of t h e  laser 
t i m e  t r a n s f e r  method is shown i n  F i g u r e  3 .  The onboard s y s t e m  
is compr i sed  of a co rne r -cube  r e f l e c t o r  a r r a y  equ ipped  w i t h  f a s t  
p h o t o d i o d e  detectors and a n  e v e n t  timer i n t e r f a c i n g  w i t h  t h e  hy- 
d rogen  maser clock. The laser  p u l s e  s i g n a l  is r e t u r n e d  t o  t h e  
ground s t a t i o n  by t h e  r e f l e c t o r  a r r a y  and is d e t e c t e d  on boa rd  
s i m u l t a n e o u s l y  by photo detectors. The e v e n t  timer measures  t h e  
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a r r i v a l  t i m e  T2 of t h e  laser p u l s e  a t  t h e  space v e h i c l e  i n  t h e  
time frame of t h e  onboard c l o c k ,  T h i s  i n f o r m a t i o n  is t r a n s m i t t -  
ed to  t h e  ground s t a t i o n  by t e l e m e t r y .  The ground s t a t i o n  
d e t e r m i n e s  t h e  round t r i p  time of t h e  laser p u l s e  and t h e  m i d -  
p o i n t  t i m e  (T3-T1)/2 between t r a n s m i t t e d  and  r e c e i v e d  p u l s e .  
The d i f f e r e n c e  between t h i s  midpo in t  and t h e  t i m e  T g i v e s  t he  

i s t i c  c o r r e c t i o n s  must a l so  be appl ied  t o  laser t i m e  t r a n s f e r .  
t i m e  d i f f e r e n c e  between ground clock and s p a c e  c l o c  i? R e l a t i v -  

The s h o r t - p u l s e  laser t e c h n i q u e  is t h e  m o s t  a c c u r a t e  method of 
t i m e  t r a n s f e r  a v a i l a b l e  . I t  p r o v i d e s  an  important e x t e n s i o n  of 
t h e  c a p a b i l i t i e s  of t h e  microwave s y s t e m  and w i l l  be v a l u a b l e  
for  c a l i b r a t i o n  of t h e  microwave s y s t e m  (6 ) .  S i m u l t a n e o u s  u s e  
of microwave and laser t i m e  t r a n s f e r  w i l l  p r o v i d e  a c o m p a r a t i v e  
e v a l u a t i o n  of t h e  two d i f f e r e n t  t e c h n i q u e s .  

Space S h u t t l e  Experiment  

The u l t i m a t e  appl icat ion of t h e  proposed STIFT t e c h n i q u e  is an 
o p e r a t i o n a l  s p a c e  s y s t e m  which s e r v e s  a global u s e r  community. 
A Space S h u t t l e  expe r imen t  is proposed  as a f irst  s t e p  toward 
t h i s  g o a l .  The S h u t t l e  expe r imen t  w i l l  d e m o n s t r a t e  and v e r i f y  
t h e  per formance  of t h e  sys t em and p r o v i d e  t h e  o p p o r t u n i t y  t o  
o p t i m i z e  t h e  s y s t e m  d e s i g n  f o r  a la ter  o p e r a t i o n a l  u s e .  The 
expe r imen t  can  be r e f l o w n ,  a n d ,  w i t h  r e l o c a t i o n  of ground ter- 
m i n a l s ,  i n c r e a s e d  u s e r  p a r t i c i p a t i o n  is possible. The S h u t t l e  
expe r imen t  c o u l d  s e r v e  a lso as a test  bed f o r  t e s t i n g  atomic 
c l o c k s  i n t e n d e d  for  space a p p l i c a t i o n s .  

F i g u r e  4 i l l u s t r a t e s  t h e  concep t  of packag ing  for  t h e  expe r imen t  
f l i g h t  i n s t r u m e n t .  A l l  components are i n t e g r a t e d  i n t o  a modu- 
lar ized,  s e l f - c o n t a i n e d  assembly w i t h  minimal interfaces to t h e  
s p a c e c r a f t .  The dome on t o p  of t h e  assembly  shows one of s e v e r -  
a l  an tenna  c o n c e p t s  c o n s i s t i n g  of a phased array of S-band ele- 
m e n t s  combined w i t h  an  i n t e r spe r sed  a r r a y  of co rne r -cube  re- 
f lec tors  for  t h e  laser l i n k .  The assembly is mounted on a 
p a l l e t  i n  t h e  S h u t t l e  payload bay and  dep loyed  b y  t h e  manipula-  
t o r  arm d u r i n g  o p e r a t i o n .  Deployment away from t h e  space ve- 
h ic le  is desired t o  minimize  i n t e r f e r e n c e  and r e f l e c t e d  s i g n a l s  
from t h e  v e h i c l e  s t r u c t u r e  ( m u l t i p a t h  propagation) . Proven 
d e s i g n s  e x i s t  fo r  t h e  mechanical release and r e - b e r t h i n g  mechan- 
i s m s ,  and for  t h e  g r a p p l e  f i x t u r e  for  u s e  w i t h  t h e  remote mani- 
p u l a t o r .  T h i s  t y p e  of packag ing  and hardware d e s i g n  h a s  been 
used  a l r e a d y  on ea r ly  S h u t t l e  m i s s i o n s  w i t h  t h e  Induced 
Envi ronmenta l  Contaminat ion  Monitor (IECM) which was dep loyed  by 
t h e  m a n i p u l a t o r  a r m .  The expe r imen t  c o n t a i n e r  has  an  a c t i v e  
closed-loop, 
o p e r a t i o n  of t h e  maser c l o c k  d u r i n g  ground h a n d l i n g  p r i o r  to  
l a u n c h .  O t h e r w i s e ,  expe r imen t  power w i l l  be o b t a i n e d  from t h e  
u t i l i t y  S h u t t l e  s y s t e m .  A minimum i n t e r f a c e  w i t h  t h e  Space 
S h u t t l e  s y s t e m s  makes t h e  e x p e r i m e n t  c o m p a t i b l e  w i t h  a broader 

t h e r m a l  control s y s t e m  and i n c l u d e s  bat ter ies  for  
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r a n g e  of complementary payloads a n d ,  t h e r e b y ,  i n c r e a s e s  f l i g h t  
o p p o r t u n i t i e s .  

Most S h u t t l e  m i s s i o n s  are f lown  i n  rather l o w  earth o rb i t s  which  
allow f o r  a s h o r t  time i n t e r v a l  between s t a t ion  contacts but 
g i v e  r e l a t i v e l y  short  p e r i o d s  of v i s i b i l i t y  for i n d i v i d u a l  
ground s t a t i o n s .  An o r b i t a l  a l t i t u d e  of 360 km w i t h  57' i n c l i -  
n a t i o n  has been assumed for  t h e  s t u d y .  F i g u r e  5 shows t h e  
ground t r a c k s  of t h e  s p a c e  v e h i c l e  and  t h e  radio h o r i z o n  f o r  
some assumed l o c a t i o n s  of ground t e r m i n a l s .  T h i s  p a t t e r n  of 
o r b i t a l  ground tracks is repeated e v e r y  24 h o u r s .  T i m e  between 
o v e r - f l i g h t s  and e l e v a t i o n  a n g l e s  f o r  s e v e r a l  s ta t ions  is shown 
i n  F i g u r e  6. I n c l u d e d  are o n l y  those c o n t a c t s  i n  which t h e  
spacecraft r e m a i n s  v i s i b l e  from t h e  ground for  more t h a n  6 
m i n u t e s  above  5 d e g r e e s  e l e v a t i o n .  The maximum t i m e  of v i s i b i l -  
i t y  ( c o n t a c t  w i t h  t h e  s p a c e c r a f t )  above  5 degrees e l e v a t i o n  is 
a p p r o x i m a t e l y  7 t o  8 m i n u t e s .  T h i s  v i s i b i l i t y  period is s u f f i -  
c i e n t  t o  perform time and f r e q u e n c y  t r a n s f e r .  The above 
c o n d i t i o n s ,  which are t y p i c a l  for a low-orbit S h u t t l e  e x p e r i -  
men t ,  c a n  be modif ied to  some e x t e n t  by s e l e c t i n g  a S h u t t l e  
m i s s i o n  w i t h  d i f f e r e n t  o r b i t  p a r a m e t e r s .  

The a c c u r a c y  capabi l i t i es  of t h e  STIFT s y s t e m  are s u c h ,  t h a t  
r e l a t i v i s t i c  effects have  t o  be t a k e n '  i n t o  a c c o u n t .  To correct 
for  these effects r e q u i r e s  a c c u r a t e  o r b i t  data .  The g r a v i t a -  
t i o n a l  r e d s h i f t  effect  depends  on o r b i t a l  a l t i t u d e ,  and t h e  
r e l a t i v i s t i c  Doppler  e f f e c t  (time d i l a t a t i o n )  depends  on t h e  
r e l a t i v e  mot ion  of t h e  ground s t a t i o n  and space v e h i c l e .  I n  t h e  
case of t h e  S h u t t l e  e x p e r i m e n t ,  some s p e c i a l  e f f o r t  is needed to  
o b t a i n  o rb i t  i n f o r m a t i o n  of t h e  r e q u i r e d  a c c u r a c y  s i n c e  S h u t t l e  
o r b i t s  are n o t  as predictable  as those of a f r e e - f l y i n g  satel-  
l i t e  p r i m a r i l y  because  of space v e h i c l e  maneuvers  e x e c u t e d  d u r -  
i n g  t h e  m i s s i o n .  However, there are ways t o  overcome t h i s  d i f -  
f i c u l t y  . 
I n  p r i n c i p l e ,  a c c u r a t e  o r b i t  data are needed o n l y  f o r  those arcs 
d u r i n g  which t h e  e x p e r i m e n t  operates d u r i n g  time and f r e q u e n c y  
t ransfer .  Microwave two-way Doppler and r a n g e  measurements  made 
as par t  of t h e  STIFT e x p e r i m e n t  c a n  be u s e d  t o  improve o r b i t  
data  a v a i l a b l e  from t h e  b i i s s ion  C o n t r o l  C e n t e r .  The laser 
ground s t a t i o n s  a l so  p r o v i d e  r a n g e  measurements ,  a c c u r a t e  t o  a 
f e w  c e n t i m e t e r s  and r a n g e  ra te  measurements  a c c u r a t e  t o  perhaps 
m i l l i m e t e r s / s e c o n d  as w e l l  as a n g u l a r  p o s i t i o n .  T h e s e  data ,  
together w i t h  S h u t t l e  o p e r a t i o n a l  n a v i g a t i o n  data ,  can  be used 
w i t h  a s t a n d a r d  o rb i t  d e t e r m i n a t i o n  program t o  improve t h e  
a c c u r a c y  of a v a i l a b l e  o r b i t  i n f o r m a t i o n .  Ano the r ,  and 
c o m p l e t e l y  i n d e p e n d e n t  method, is t h e  u s e  of a Global 
P o s i t i o n i n g  System (GPS) r e c e i v e r  as p a r t  of t h e  onboard 
e x p e r i m e n t  s y s t e m .  
of r e q u i r e d  a c c u r a c y  . The GPS rece ive :  c a n  p r o v i d e  n a g i v a t i o n  data 
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The number and locations of ground terminals for the Shuttle 
experiment is completely open at this time. To illustrate exper- 
iment operation during the Shuttle flight, a station configura- 
tion composed of two microwave terminals and two laser stations 
was assumed for analysis. Figure 7 shows two pairs of stations, 
each pair consisting of a microwave terminal and a laser station 
located close to each other to permit simultaneous operation of 
the microwave and laser systems. Each of the four stations is 
equipped with a hydrogen maser clock. The data output of the 
microwave terminals is the measured code shift At' and measured 
beat frequency Af' . Relativistic corrections are applied to 
obtain the true difference in epochs, At, and the true frequency 
difference , Af, between space clock and ground clock. These 
data are recorded on magnetic tape together with the telemetry 
housekeeping data from the onboard and ground systems. The re- 
lativistic corrections to be applied to the time and frequency 
differences are computed from orbit information generated by the 
orbit update program which receives a variety of inputs, includ- 
ing coarse orbit data from the Mission Control Center in Houston 
and range and range rate measurements from the microwave termin- 
al and the laser station. The laser station can also provide 
direction cosine information. Other tracking data could be 
obtained including tracking data from mobile laser stations, 
onboard Shuttle navigation data received by telemetry, and 
navigation data from an experimental GPS receiver included in 
the STIFT onboard system. 

The laser station will be equipped with an S-band telemetry 
receiver to obtain the onboard measurement of the laser pulse 
arrival time T2 which is required to determine the epoch dif- 
ference T. Again relativistic corrections are applied to ob- 
tain the true difference in the epochs. Predicted pointing 
information for the laser telescope is derived from the orbit 
data received from the Mission Control Center. If an onboard 
GPS receiver is used, orbit determination and relativistic cor- 
rections could be accomplished in the Shuttle, and the resulting 
information could be distributed to ground stations by teleme- 
try. 

The same considerations apply to the remote station pair. All 
ground stations/terminals will be connected by data and voice 
link to the Mission Control Center for scheduling of station 
operations and distribution of operational information. In 
addition, the data links between ground stations/terminals can 
be used to exchange processed data of time and frequency trans- 
fer for evaluation of experiment performance during the Shuttle 
mission. 
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System Per formance  

There are t w o  aspects c o n c e r n i n g  t h e  a c c u r a c y  of t i m e  and 
f r e q u e n c y  t r a n s f e r ,  namely t h e  t r a n s f e r  between space clock and 
ground c l o c k  and t h e  transfer between clocks on t h e  ground u s i n g  
t h e  space c l o c k  as a t r a n s f e r  s t a n d a r d .  

I n  t h e  S h u t t l e  experimemt the  f o l l o w i n g  a c c u r a c i e s  can  be ex- 
pected for  t h e  space- to-ground t r a n s f e r  d u r i n g  a t y p i c a l  c o n t a c t  
w i t h  a fzound s t a t i o n :  

A f / f = l O -  , microwave t i m e  t r a n s f e r  A t = l  nanosecond or 
better and laser t i m e  t r a n s f e r  A t = 0 . 1  nanosecond.  These 
a c c u r a c y  g o a l s  are based on t h e  r e s u l t s  o b t a i n e d  from ear l ier  
e x p e r i m e n t s  (GP-A and a i r c ra f t  laser e x p e r i m e n t s ) .  Advances i n  
t e c h n o l o g y  i n  r e c e n t  y e a r s  s h o u l d  make it possible t o  a c h i e v e  
f u r t h e r  improvements i n  a c c u r a c y  fo r  t h e  S h u t t l e  e x p e r i m e n t .  

Microwave f r e q u e n c y  t r a n s f e r  

F i g u r e  8 shows t h e  r e c e n t  improvements i n  clock per formance .  I n  
t h e  1976 R e d s h i f t  T e s t  ( the mipgowave s y s t e m  demons t r a t ed  s ta -  
b i l i t y  per formance  a t  t h e  10- l e v e l  f o r  100 second  ave r -  
a g i n g ;  t h i s  was t h e  l i m i t  set by t h e  t h e n  a v a i l a b l e  hydrogen  
maser. The STIFT clock w i l l  b e n e f i t  from advancements  i n  maser 
t echno logy  which are r e f l e c t e d  by t h e  s t a b i l i t y  c u r v e  f o r  t h e  
1979 hydrogen maser. I t  is, therefore, r e a s o n a b l e  to  assume 
t h a t  t h e  ac u r a c y  of  t h e  STIFT s y s t e m  w i l l  approach t h e  s e v e r a l  
pa r t s  i n  loy5 l e v e l  f o r  t h e  4 t o  5 m i n u t e s  of o b s e r v i n g  ( ave r -  
a g i n g )  t i m e  a v a i l a b l e  d u r i n g  t y p i c a l  ground s t a t i o n  c o n t a c t s .  

F i g u r e  8 a l so  shows  why t h e  hydrogen maser is t h e  o b v i o u s  choice 
f o r  t h e  STIFT f l i g h t  c l o c k .  I t  p r o v i d e s  t h e  h i g h e s t  d e g r e e  of 
s t a b i l i t y  n o t  o n l y  for  t h e  s t a t i o n  c o n t a c t  i n t e r v a l s ,  b u t  a lso 
f o r  time i n t e r v a l s  between s t a t i o n  c o n t a c t s  ( t y p i c a l l y  up t o  a 
f e w  hour s ;  see F i g u r e  6 ) .  

A p a r t i c u l a r l y  i m p o r t a n t  f i n d i n g  of t h e  p r e v i o u s  microwave and 
laser e x p e r i m e n t s  w a s  t h a t  t h e  t r a n s f e r  s y s t e m s  d i d  n o t  i n t r o -  
d u c e  detectable errors i n t o  t h e  t i m e  and f r e q u e n c y  t r a n s f e r s .  
S i n c e  t h e  S h u t t l e  expe r imen t  represents a s u b s t a n t i a l l y  d i f f e r -  
e n t  t y p e  of o p e r a t i o n  it is appropriate t o  examine its l i m i t s .  
Two r e l a t i v i s t i c  effects ,  t h e  g r a v i t a t i o n a l  r e d s h i f t  and t h e  
r e l a t i v i s t i c  ( second o r d e r )  Doppler e f f e c t  c a u s e  a s h i f t  i n  t h e  
f r e q u e n c y  of t h e  space clock osc i l l a to r  as measured on t h e  
ground.  The  r e s u l t i n g  e f f e c t  i n  t h e  f r e q u e n c y  t r a n s f e r  and i n  
t h e  t i m e  k e e p i n g  between t h e  f l i g h t  clock and ground s t a t i o n s  
must be accoun ted  f o r .  These r e l a t i v i s t i c  e f f e c t s  are removed 
from t h e  compar ison  data by a n a l y t i c a l  means u s i n g  t r a c k i n g  
d a t a  a 

F o r  t h e  f r e q u e n c y  t r a n s f e r  t h e  p r e s e n t  goal is to  a c c o u n t  f o r  
re la t  i s t i c  e f f e c t s  w i t h i n  a f r a c t i o n a l  f r e q u e n c y  error of 
l ~ l o - ’ ~ .  
a l t i t u d e  and a b o u t  1 c e n t i m e t e r  per  s e c o n d  i n  r e l a t i v e  v e l o c i t y .  
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Updating orbital data, as outlined earlier, should provide the 
necessary accuracy in orbit parameters for the short orbital 
arcs of experiment operation. 

To assess the influence of relativistic effects on time transfer 
between stations one has to consider orbit prediction for per- 
iods between station contacts. For a circular orbit both rela- 
tivistic effects depend only on spacecraft altitude as shown by 
the following expression: 

AT GM 
- E  

and 2C2Re 

2 2 2C Re 
3GM 6h 

where 
h is the altitude 
He is the radius of he earth 

From this one obtains 6 ( T )  A+ = 5 . 9 ~ 1 0 ' ~  ( nour ns )/meter. 
Therefore, if station-to-station contacts are arranged to be 
separated by only a few hours (see Figure 6), fairly large 
intra-station errors in altitude can be tolerated. For time 
transfer contacts separated by intervals of the order of 1 
orbital period (90 minutes) even a kilometer error in the 
spacecraft altitude would impart only about a nanosecond error. 

Differential phase changes between the individual microwave 
carrier links are a potential error source in the RF system. 
The Doppler cancellation system eliminates phase perturbations 
that apply uniformly to all three microwave links. In designing 
the RF system special attention must be given to minimize 
differential phase changes in those parts of the system, where 
the carrier signal paths are separated, by selecting components 
and units which have a low phase/temperature coefficient. The 
necessary phase stability can be achieved by providing 
temperature control for critical subsystems as was demonstrated 
with the G P - A  system. For example, the GP-A flight transponder 
exhibited a phase/temperature coefficient of 13 degrees/OC, 
which was compensated for by temperature control. If the same 
transponder were used for STIFT, temperature control of 
0.25OC/hour would reduce its error contribution in the frequency 
transfer to the part in 1015 level. 
stability is well within the state-of-the-art. In addition, it 
is always possible to calibrate the phase versus temperature 
behavior and to apply appropriate corrections derived from 
telemetry data. 

This temperature 

Another potential source of phase perturbations is the flight 
antenna. Even though all three carrier signals use the same 
antenna, care must be taken to provide approximately equal 
phase characteristic for a l l  three frequencies over a large 
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portion of the antenna pattern to minimize differential phase 
changes in the RF loops as the aspect angle between ground 
terminal and spacecraft changes during a contact 

The first order atmospheric and ionospheric refraction 
effects are eliminated by the Doppler cancellation system. The 
former because atmospheric refraction enters all three links 
uniformly and the latter because of the careful selection of 
frequencies used in the transfer (see Figure 2). The exact 
frequency selection for  the ionospheric cancellation is based on 
the very good approximation that at S-band frequencies the 
ionosphere behaves like a dispersive medium whose refractive 
index is inversely proportional to the square of the frequency. 
With this approximation it is possible to start with the maser 
signal in Figure 2 and follow the frequency multiplication paths 
to show that if the relation 

1 1 
2 Ground Maser Uplink Frequency ] = 

;[1+ Maser Downlink Frequency (Transponder Factor):! 

is satisfied, then ionospheric effects cancel. 

Otherwise, only rare propagation anomalies may affect the 
operation of the experiment. There' are occasions when iono- 
spheric or atmospheric conditions can limit the experiment, 
particularly for operations attempted at very low elevation 
angles. In this study an operational limit of five degrees above 
the horizon has been used for planning purposes. Anomolous at- 
mospheric refraction or unusual ionospheric scattering could 
drive the limit higher on occasion. In general these effects 
will impose no limit at all and the experiment can be operated 
essentially to the line-of-the sight cut-off The forgoing dis- 
cussions on  performance deal specifically with a Shuttle demon- 
stration experiment and somewhat different considerations apply 
to an operational STIFT system. For example, a more predict- 
able, higher altitude orbit would be selected for such a system. 
Overall, the performance of an optimized operational system 
should be better than what can be achieved with the Shuttle 
experiment. 

Conclusions 

With continuing advancements in the performance of time and 
frequency standards the need for a higher accuracy global clock 
comparison system ever increases. The needs within the 
navigation, communication, and electric power technologies also 
continue to push for higher and higher synchronization 
accuracies among remote clocks. Figure 9 shows the improvements 
in the accuracy of NBS laboratory'frequency standards over time 
together with the performance of clock comparison methods. 
Clock accuracy increased by a factor of 10 approximately every 7 
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y e a r s  s i n c e  1950 (8 ) ,  ( 9 ) ,  (10) .  There  are r e l i a b l e  i n d i c a t i o n s  
t h a t  t h i s  t r e n d  w i l l  c o n t i n u e  i n  t h e  f u t u r e ,  a t  least  a t  t h e  
same rate ,  as shown by t h e  p r o j e c t e d  a c c u r a c y  of a n  improved 
ces ium s t a n d a r d  and a mercury s t a n d a r d  u s i n g  laser c o o l e d  i o n  
s t o r a g e  t e c h n i q u e s .  H i s t o r i c a l l y  t h e  a c c u r a c y  of l ong  d i s t a n c e  
( i n t e r n a t i o n a l )  c l o c k  comparison methods, as measured over 24 
h o u r s ,  has  a lways  been lower t h a n  t h e  a c c u r a c y  of e x i s t i n g  
s t a n d a r d s  and t h i s  s i t u a t i o n  p e r s i s t s  t oday  w i t h  GPS c u r r e n t l y  
b e i n g  t h e  most a c c u r a t e  g e n e r a l l y  a v a i l a b l e  method. The propos- 
e d  STIFT concept r e p r e s e n t s  a major s t e p  i n  per formance  improve- 
ment and is t h e  m o s t  a c c u r a t e  method f o r  g l o b a l  t i m e  and f r e -  
quency t r a n s f e r  conce ived  so f a r .  The sys t em would be a b l e  t o  
s a t i s f y  growing a c c u r a c y  needs  of t h e  f u t u r e .  
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